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The  phase  pure  Li2Mg(NH)2  has  been  synthesized  via  a  dehydriding  treatment  of  a  ball  milled 
2LiNH2  +  MgH2  mixture.  This  phase  pure  Li2Mg(NH)2  has  been  utilized  to  investigate  its  hydriding  kinetics 
at  the  temperature  range  1 80-220  °C.  It  is  found  that  the  hydriding  process  of  Li2Mg(NH)2  is  very  slug¬ 
gish  even  though  it  has  favorable  thermodynamic  properties  for  near  the  ambient  temperature  operation. 
Holding  at  200  °C  for  10  h  only  results  in  3.75  wt.%  H2  uptake.  The  detailed  kinetic  analysis  reveals  that 
the  hydriding  process  of  Li2Mg(NH)2  is  diffusion-controlled.  Thus,  this  study  unambiguously  indicates 
that  the  future  direction  to  enhance  the  hydriding  kinetics  of  this  promising  hydrogen  storage  material 
system  should  be  to  minimize  the  diffusion  distance  and  increase  the  diffusion  rate. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Many  efforts  have  been  made  in  searching  for  viable 
hydrogen  storage  materials  based  on  the  Li-Mg-N-H  systems, 
including  mixtures  of  2LiNH2  +  MgH2  [1-7],  Mg(NH2)2  +  2LiH 
[4,8-10],  3Mg(NH2)2  +  8LiH  [11-13],  Mg(NH2)2 +4LiH  [10,13-16], 
Mg(NH2)2  +  3LiH  or  LiH  [17],  and  MgN2  +4Li3N2  [16].  Among  these 
Li-Mg-N-H  systems,  2LiNH2  +  MgH2  and  Mg(NH2)2  +  2LiH  have 
exhibited  promising  storage  properties  with  the  combination  of 
a  respectable  theoretical  storage  capacity  of  5.6  wt.%  H2  and  a 
favorable  dehydriding  enthalpy.  The  latter  is  determined  using  the 
Van’t  Hoff  equation  to  be  39.0  kj  mol-1  H2  [3,18],  40.4  kj  mol-1 
H2  [7],  or  41.6  kj  mol-1  H2  [5].  This  thermodynamic  property 
allows  the  hydrogen  plateau  pressure  higher  than  1  bar  at  tem¬ 
peratures  below  100  °C,  thereby  imparting  the  2LiNH2  +  MgH2  and 
Mg(NH2)2  +  2LiH  systems  the  potential  for  on-board  storage  appli¬ 
cations  [2,3].  Indeed,  it  has  been  demonstrated  experimentally 
that  2LiNH2  +  MgH2  has  a  reversible  hydrogen  storage  capacity  of 
5.2  wt.%  at  200  °C  with  a  hydrogen  pressure  of  30  bar  [3,4]. 

It  is  suggested  that  the  dehydriding  reaction  of  the 
2LiNH2  +  MgH2  mixture  proceeds  as  follows  [1,2]: 

2LiNH2  +  MgH2  -*  Li2Mg(NH)2  +  2H2  (1 ) 

The  hydriding  process  of  Reaction  (1),  however,  produces 
Mg(NH2)2  and  LiH,  as  shown  below. 

Li2Mg(NH)2  +  2H2  «->  Mg(NH2)2  +  2LiH  (2) 
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The  subsequent  reversible  reactions  take  place  according  to 
Reaction  (2)  and  do  not  go  back  to  LiNH2  and  MgH2  [1-3,19]. 
Such  reaction  pathways  are  due  to  the  fact  that  Mg(NH2  )2  +  2LiH  is 
thermodynamically  more  stable  than  2LiNH2  +  MgH2,  as  recently 
established  by  several  workers  [4,6].  Therefore,  with  the  starting 
material  of  either  2LiNH2  +  MgH2  or  Mg(NH2)2  +  2LiH,  the  overall 
reversible  hydriding  and  dehydriding  reactions  can  be  expressed 
by  Reaction  (2). 

Despites  its  favorable  thermodynamic  property  and  moder¬ 
ate  reversible  storage  capacity,  Mg(NH2)2  +  2LiH  appears  to  have 
kinetic  barriers  for  fuel-cell  vehicle  applications.  In  particular,  the 
hydriding  kinetics  of  this  system  is  considerably  slower  than  its 
dehydriding  kinetics  [7,20].  Specifically,  complete  dehydrogena¬ 
tion  takes  place  in  1 5-30  min  at  200-220  °C  [6,7,9,20,21  ],  whereas 
complete  hydrogenation  at  the  same  temperature  requires  3-5  h 
[7,20].  Thus,  the  hydriding  process  can  be  a  bottleneck  for  the 
application  of  the  Mg(NH2)2  +  2LiH  system.  However,  the  afore¬ 
mentioned  studies  [6,7,9,20,21]  do  not  provide  the  detailed 
quantitative  analysis  of  the  hydriding  kinetics.  To  the  best  of  our 
knowledge,  the  detailed  quantitative  analysis  of  the  hydriding 
kinetics  of  Li2Mg(NH)2  has  not  been  conducted  so  far.  Nor  has 
the  rate-limiting  step  of  the  hydriding  process  of  Li2Mg(NH)2  be 
analyzed  yet.  However,  there  is  no  doubt  that  such  detailed  stud¬ 
ies  are  necessary  in  order  to  provide  guidelines  for  improving  the 
hydriding  kinetics  of  Li2Mg(NH)2  in  the  future. 

In  this  study,  we  have  investigated  the  hydriding  properties  of 
Li2Mg(NH)2,  particularly  its  kinetics,  and  conducted  the  quantita¬ 
tive  analysis  of  the  rate-limiting  step  of  the  hydriding  process  of 
Li2Mg(NH)2.  In  order  to  provide  unambiguous  evidence  for  analy¬ 
sis,  the  starting  powder  should  contain  only  one  active  phase,  i.e., 
Li2Mg(NH)2  without  the  presence  of  other  active  phases  such  as 
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UNH2  and  Mg(NH2)2-  Thus,  Li2Mg(NH)2  is  synthesized  first  in  this 
study  since  Li2Mg(NH)2  is  not  commercially  available.  The  synthe¬ 
sis  condition,  hydriding  kinetics,  rate-limiting  step,  and  absorption 
pressure-composition  isotherm  of  Li2Mg(NH)2  established  from 
the  present  study  are  reported  below. 


2.  Materials  and  methods 

There  are  several  ways  to  synthesize  Li2Mg(NH)2,  starting  with 
either  2LiNH2  +  MgH2  [5,7,20,22]  or  Mg(NH2)2  +  2LiH  [1,17,18,23]. 
In  this  study,  the  2LiNH2  +  MgH2  mixture  was  used  as  the  start¬ 
ing  material.  The  LiNH2  powder  of  95%  purity  and  the  MgH2 
powder  of  95%  purity  were  purchased  from  Fisher  Scientific  and 
Alfa  Aesar,  respectively,  and  were  mixed  in  a  2-to-l.l  molar  ratio 
before  ball  milling.  The  addition  of  the  10%  excess  MgH2  than  that 
required  by  Reaction  (1)  was  to  prevent  the  escape  of  NH3  from 
the  system  during  synthesis.  High-energy  ball  milling  was  con¬ 
ducted  using  a  modified  Szegvari  attritor  that  has  been  shown  to 
be  effective  in  preventing  the  formation  of  the  dead  zone  and  pro¬ 
ducing  uniform  milling  products  within  the  powder  charge  [24]. 
Furthermore,  a  previous  study  has  demonstrated  that  the  seal 
of  the  canister  of  the  attritor  is  air-tight  and  there  is  no  oxida¬ 
tion  during  ball  milling  [25].  The  canister  of  the  attritor  and  balls 
6.4  mm  in  diameter  were  both  made  of  stainless  steels.  The  loading 
of  balls  and  the  powder  mixtures  to  the  canister  was  performed 
in  a  glove-box  filled  with  ultrahigh  purity  argon  that  contains 
Ar  99.999%,  H20  <  1  ppm,  02  <  1  ppm,  H2  <  3  ppm,  N2  <  5  ppm,  and 
THC  <  0.5  ppm  (to  be  referred  as  an  Ar  of  99.999%  purity  hereafter). 
The  ball-to-powder  weight  ratio  was  60:1,  the  milling  speed  was 
600  rpm,  and  the  milling  temperature  was  maintained  at  20  °C, 
achieved  by  water  cooling  at  a  flowing  rate  of  770  ml  min-1.  The 
milling  was  performed  under  an  Ar  atmosphere  of  99.999%  purity, 
and  the  milling  time  was  180  min. 

The  ball  milled  mixture  was  subsequently  subjected  to  a 
dehydriding  treatment  to  form  Li2Mg(NH)2.  The  dehydriding 
treatment  comprised  a  series  of  dehydriding  steps  using  a  com¬ 
mercial  Sieverts’-type  pressure-composition  isotherm  (PCI)  unit 
(Advanced  Materials  Corporation,  PA).  In  a  typical  dehydriding 
treatment,  the  ball  milled  mixture  of  approximately  500  mg  was 
loaded  into  the  pressure  chamber  of  the  PCI  unit  inside  a  glove-box 
filled  with  Ar  of  99.999%  purity.  The  loaded  chamber  was  evacu¬ 
ated  to  10-3  bar  at  room  temperature  before  being  inserted  into 
the  hot  zone  of  a  pre-heated  cylindrical  furnace.  The  tempera¬ 
ture,  pressure,  and  hydrogen  content  in  the  sample  (wt.%)  were 
immediately  recorded  (after  30  s  delay)  using  a  program  based  on 
the  Lab  View  software  during  the  entire  dehydriding  treatment. 
The  first  step  of  the  dehydriding  treatment  entailed  dehydriding 
the  ball  milled  mixture  under  a  previously  evacuated  condition 
(10-3bar)  at  a  desired  temperature  for  a  specified  duration.  The 
second  step  of  the  dehydriding  treatment  was  to  release  the  gas 
that  was  built  up  inside  the  closed  PCI  chamber  during  the  first 
step  of  the  dehydriding  treatment.  This  second  step  of  the  dehy¬ 
driding  treatment  consisted  of  a  series  of  repeated  sub-steps  (either 
50  or  100  sub-steps)  each  of  which  contained  holding  for  15  min 
and  then  evacuation  at  the  constant  temperature.  A  total  of  three 
different  dehydriding  treatment  conditions  were  investigated  and 
are  summarized  in  Table  1. 


The  as-synthesized  Li2Mg(NH)2  phase  was  then  investigated 
for  its  hydriding  kinetics  at  180,  200,  and  220  °C  with  the  start¬ 
ing  H2  pressure  of  65  bar  using  the  same  PCI  unit  as  that  used 
for  synthesizing  Li2Mg(NH)2.  After  sample  loading  and  pressur¬ 
ization  at  room  temperature,  the  sample  chamber  was  inserted 
into  the  hot  zone  of  a  pre-heated  cylindrical  furnace.  The  hydro¬ 
gen  uptake  behavior  was  immediately  recorded  (after  30  s  delay) 
as  a  function  of  the  holding  time  using  the  Lab  View  software.  The 
pressure-composition  isotherm  of  the  Li2Mg(NH)2  phase  at  220  °C 
was  also  studied.  The  absorption  PCI  curve  was  taken  with  the  pres¬ 
sure  range  from  0.03  to  95  bar  and  the  equilibrium  condition  for 
each  point,  specified  by  the  rate  of  pressure  change,  being  smaller 
than  0.001  bar  min-1. 

All  the  samples  were  analyzed  using  X-ray  diffraction  (XRD) 
to  provide  phase  identification.  The  operation  conditions  for  the 
XRD  data  collection  were  Cu  Ka  radiation,  40  kV,  40  mA,  2°  min-1 , 
and  0.02°/step  using  a  D5005  ADVANCE  diffractometer.  To  prevent 
oxidation  during  XRD  data  collection,  the  sample  was  sealed  in  a 
capillary  quartz  tube  and  the  loading  of  the  sample  to  the  tube 
was  performed  in  a  glove-box  filled  with  Ar  of  99.999%  purity.  The 
capillary  quartz  tube  had  a  wall  of  0.01  mm  thick  and  thus  was 
transparent  to  the  X-ray  beam.  In  many  XRD  analyses,  10  wt.%  Si 
powder  was  added  to  the  powder  mixture  as  an  internal  standard 
for  calibration  of  the  peak  position. 

Many  samples  were  also  subjected  to  characterization  using 
Fourier  transform  infrared  spectroscopy  (FTIR).  The  FTIR  spectra 
were  collected  on  a  Niclotet  Magna  560  FTIR  spectrometer  (reso¬ 
lution  4  cm-1)  using  the  potassium  bromide  (KBr)  pellet  method. 
The  mixture  of  the  sample  (around  5  wt.%)  and  powdered  KBr  was 
ground  using  a  mortar  and  pestle  in  the  glove-box  filled  with  Ar 
of  99.999%  purity.  The  ground  mixture  was  then  transferred  to  a 
pellet  press  holder  and  pressed  at  13  ksi  to  form  a  pellet  12  mm  in 
diameter  and  approximately  0.5  mm  in  thickness.  The  sample  pel¬ 
lets  were  briefly  exposed  to  the  air  during  hydraulic  pressing  and 
transferred  to  a  compartment  of  the  spectrometer.  Prior  to  the  col¬ 
lection  of  each  spectrum,  the  background  of  air  was  measured  and 
subtracted  from  the  sample. 

The  specific  surface  area  (SSA)  of  the  powder  before  and  after 
isothermal  hydriding  reactions  was  determined  through  nitro¬ 
gen  adsorption  at  77K  based  on  the  Brunauer-Emmett-Teller 
(BET)  method  using  a  gas  sorption  analyzer  (NOVA  1000,  QUAN- 
TACHROME  Corporation,  FL).  The  loading  of  the  sample  (~0.05g) 
into  a  sample  cell  with  a  Teflon  stem  filler  was  performed  in  a 
glove-box  filled  with  Ar  of  99.999%  purity.  The  measurement  was 
performed  immediately  after  the  sample  was  loaded  in  the  instru¬ 
ment.  The  relative  pressure  (P/P0)  was  0.05  to  0.3  and  the  reported 
SSA  data  were  calculated  based  on  5  points  BET  method  [26]. 

3.  Results  and  discussion 

3.1.  Synthesis  of  Li2Mg(NH)2 

Fig.  la  shows  the  pressure  rise  during  the  first  step  of  the  dehy¬ 
driding  treatment  of  the  ball  milled  2LiNH2  +  MgH2  mixture  at 
210°C  (condition  #1  in  Table  1).  The  corresponding  H2  released 
computed  from  the  pressure  rise  and  the  volume  of  the  closed 
chamber  per  sample  weight  percent  is  shown  in  Fig.  lb.  It  can 
be  seen  that  the  pressure  rise  is  very  fast  at  the  beginning  of  the 


Table  1 

Summary  of  the  dehydriding  treatment  conditions  for  synthesizing  Li2Mg(NH)2. 

ID  of  the  dehydriding  treatment  First-step  dehydriding  conditions  Second-step  dehydriding  conditions 

Dehydriding  condition  #1  210  °C  for  33-h  holding  in  a  previously  evacuated  chamber  210°C  for  12.5  h  with  50  holding/evacuation  sub-steps 

Dehydriding  condition  #2  210°C  for  45-h  holding  in  a  previously  evacuated  chamber  210°C  for  25  h  with  100  holding/evacuation  sub-steps 

Dehydriding  condition  #3  240  °C  for  45-h  holding  in  a  previously  evacuated  chamber  240  °C  for  25  h  with  100  holding/evacuation  sub-steps 
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Fig.  1.  The  desorption  profile  of  the  2LiNH2  +  MgH2  mixture  at  210  °C  in  a  closed  PCI 
chamber  under  a  previously  evacuated  condition:  (a)  shows  the  pressure  rise  in  the 
closed  chamber  as  a  function  of  the  holding  time,  and  (b)  shows  the  corresponding 
quantity  of  the  hydrogen  released  as  a  function  of  the  holding  time. 

isothermal  holding  and  becomes  very  slow  near  the  end  of  the 
33-h  holding.  The  purpose  of  the  prolonged  holding  time  (33  h) 
was  to  provide  sufficient  time  to  allow  MgH2  to  react  with  NH3 
because  our  previous  study  [27]  has  established  that  the  formation 
ofLi2Mg(NH)2  based  on  Reaction  (1 )  is  NH3  mediated.  Furthermore, 
the  reaction  between  MgH2  and  the  NH3  derived  from  the  decom¬ 
position  of  LiNH2  is  very  slow  [27,28].  Thus,  to  prevent  emission 
of  NH3  during  the  dehydriding  treatment,  a  prolonged  holding  is 
necessary.  At  the  end  of  the  33-h  holding  the  amount  of  H2  released 
is  4.0wt.%  (Fig.  lb)  if  one  assumes  that  there  is  no  NH3  inside  the 
chamber.  This  amount  of  hydrogen  is  substantially  lower  than  the 
theoretical  5.6wt.%  of  Reaction  (1).  Flowever,  when  the  presence 
of  the  10%  excess  MgFI2  and  10wt.%  impurities  is  considered,  the 
theoretical  storage  capacity  becomes  4.81  wt.%  FI2.  This  value  is  still 
higher  than  4.0  wt.%  FI2  observed,  suggesting  that  Reaction  (1 )  has 
not  completed  yet  in  the  33-h  holding  at  210  °C. 

In  order  to  increase  the  dehydriding  rate  after  the  33-h  holding, 
the  second  step  of  the  dehydriding  treatment  was  to  release  the 
hydrogen  gas  from  the  PCI  chamber  to  further  drive  the  reaction 
between  MgH2  and  LiNFI2  to  completion.  This  was  accomplished  in 
about  13  h  with  50  holding/evacuation  sub-steps  at  210  °C,  as  illus¬ 
trated  in  Fig.  2a.  The  PCI  chamber  was  closed  for  15  min  between 
every  two  consecutive  evacuation  sub-steps  in  order  to  allow  MgFI2 
to  react  with  NH3,  if  any,  and  to  quantify  how  much  hydrogen  was 
released  in  the  next  evacuation  step.  As  shown  in  Fig.  2a,  the  pres¬ 
sure  of  the  PCI  chamber  increases  gradually  during  each  15-min 
holding  because  of  the  continuous  reaction  between  the  remain¬ 
ing  MgFI2  and  LiNH2  to  produce  Li2Mg(NH)2  and  FI2.  However,  the 
pressure  build-up  becomes  smaller  as  the  number  of  the  evacua¬ 
tion  increases.  At  the  end  of  the  50th  holding  sub-step  the  pressure 
within  the  PCI  chamber  is  less  than  0.003  bar  (Fig.  2a).  These  50 
holding/evacuation  sub-steps  at  210  °C  have  released  0.64  wt.%  H2 


Time,  h 


Fig.  2.  The  release  profile  of  the  2LiNH2  +  MgH2  mixture  in  the  second  step  of  the 
dehydriding  treatment  at  210 °C  with  50  holding/evacuation  sub-steps:  (a)  shows 
the  change  of  the  pressure  within  the  chamber  as  a  function  of  the  holding  time 
and  release  sub-steps,  and  (b)  shows  the  corresponding  quantity  of  the  hydrogen 
released  as  a  function  of  the  holding  time  and  release  sub-steps.  The  insert  in  (a) 
shows  the  detail  of  the  pressure  change  in  the  20th  and  21st  holding/evacuation 
sub-steps. 


(Fig.  2b),  leading  to  a  total  amount  of  4.64  wt%  H2  released  in  the 
dehydriding  treatment. 

The  released  4.64  wt.%  H2,  however,  is  still  lower  than  the 
expected  value  of  4.8 1  wt.%  H2 ,  suggesting  an  incomplete  dehydrid¬ 
ing  reaction  under  the  dehydriding  condition  #1  (Table  1).  This  is 
confirmed  by  the  XRD  analysis.  As  shown  in  Fig.  3,  ball  milling  at 
20  °C  does  not  induce  any  chemical  reactions  or  phase  transforma¬ 
tion,  but  results  in  finer  crystallite  sizes  and/or  the  introduction  of 
structural  defects,  as  evidenced  by  the  broadening  of  the  XRD  peaks 
after  ball  milling.  The  XRD  pattern  of  the  product  from  the  dehy¬ 
driding  condition  #1  exhibits  a  mixture  of  several  phases,  namely 
LiNH2,  MgH2,  and  Li2Mg(NH)2.  The  Li2Mg(NH)2  peaks  found  in 
the  dehydriding  product  are  identical  to  those  reported  in  Refs. 
[4,5]. 

Based  on  the  result  from  the  dehydriding  condition  #1 ,  a  second 
dehydriding  condition  (condition  #2  in  Table  1)  was  investigated. 
This  dehydriding  treatment  entailed  subjecting  the  ball  milled 
2LiNH2  +  MgH2  mixture  to  the  first  step  of  the  dehydriding  treat¬ 
ment  at  21 0  °C  for  a  45-h  holding  in  a  closed  PCI  chamber,  followed 
by  the  second  step  of  the  dehydriding  treatment  to  release  hydro¬ 
gen  at  210°C  for  25  h  in  100  holding/evacuation  sub-steps.  Given 
the  longer  period  of  time  in  both  the  first  and  second  steps  of  the 
dehydriding  treatment  under  the  dehydriding  condition  #2,  it  is 
expected  that  the  dehydriding  reaction  can  be  closer  to  the  com¬ 
pletion.  This  is  indeed  the  case,  as  evidenced  by  the  XRD  pattern 
of  the  product  from  the  dehydriding  condition  #2  showing  the 
lower  intensities  of  the  LiNH2  (35.597°)  and  MgH2  (35.744°)  peaks 
around  35.7°  (Fig.  3d)  than  those  from  the  dehydriding  condition 
#1  (Fig.  3c). 
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Fig.  3.  XRD  patterns  of  the  2LiNH2  +  MgH2  mixture  with  the  addition  of  10wt.% 
Si  powder:  (a)  without  ball  milling,  (b)  with  ball  milling  at  room  temperature  for 
180  min,  (c)  after  the  dehydriding  condition  #1,  and  (d)  after  the  dehydriding  con¬ 
dition  #2. 

Fig.  3,  however,  cannot  tell  whether  the  peak  around  35.7°  is 
due  to  the  incomplete  reaction  between  MgH2  and  LiNH2  or  due 
to  the  presence  of  the  10%  excess  MgH2  added.  Therefore,  a  third 
dehydriding  treatment  (condition  #3  in  Table  1)  was  investigated. 
This  comprised  the  first  step  of  the  dehydriding  treatment  at  240  °C 
for  a  45-h  holding,  followed  by  the  second  step  of  the  dehydriding 
treatment  to  release  hydrogen  at  the  same  temperature  for  25  h  in 
100  holding/evacuation  sub-steps.  The  XRD  pattern  of  the  product 
from  the  dehydriding  condition  #3  is  shown  in  Fig.  4.  Note  that  no  Si 
internal  standard  was  added  to  these  samples  during  the  XRD  data 
collection  in  order  to  reveal  the  strongest  peak  of  MgH2  at  27.947° ; 
otherwise,  this  MgH2  peak  is  overlapped  with  the  strongest  peak  of 
the  Si  powder  at  28.443°  (see  Fig.  3).  It  is  clear  from  Fig.  4  that  the 
intensities  of  MgH2  peaks  at  27.947°  and  35.744°  from  the  dehy¬ 
driding  condition  #3  are  lower  than  those  from  the  dehydriding 
condition  #2.  Since  there  are  no  Mg  peaks  in  any  of  these  XRD 
patterns,  it  can  be  concluded  that  there  is  remaining  MgFI2  in  the 
dehydriding  condition  #2  due  to  the  incomplete  reaction  between 
MgFI2  and  LiNH2.  The  tiny  MgFI2  peaks  at  27.947°  and  35.744°  in 
the  dehydriding  condition  #3,  however,  are  due  to  the  10%  excess 
MgFI2  added. 

In  order  to  corroborate  the  conclusions  above,  the  FTIR  analy¬ 
sis  was  performed  to  characterize  amide  (-NH2)  and  imide  (-NH) 
structures.  As  shown  in  Fig.  5,  the  FTIR  spectrum  of  the  product  from 
the  dehydriding  condition  #3  results  in  two  convoluted  peaks,  at 
3183  and  3164  cm-1,  suggesting  the  formation  of  the  -NH  struc¬ 
ture  where-NH  is  bonded  to  a  mixture  of  Li  and  Mg  ions  [23]. 
Furthermore,  there  are  no  bands  from-NH2  structure  at  3313  and 
3259  cm-1,  suggesting  that  LiNH2  is  completely  consumed  [4,23]. 
Therefore,  it  can  be  concluded  that  2LiNH2  and  MgFI2  have  com- 
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Fig.  4.  XRD  patterns  of  the  2LiNH2  +  MgH2  mixture  without  the  addition  of  Si  pow¬ 
der:  (a)  after  the  dehydriding  condition  #2  and  (b)  after  the  dehydriding  condition 
#3. 

pletely  reacted  to  form  Li2Mg(NH)2  except  the  10%  excess  MgFI2 
under  the  dehydring  condition  #3.  Thus,  the  product  from  the 
dehydriding  condition  #3  is  used  for  the  following  kinetic  and  ther¬ 
modynamic  analyses,  discussed  in  Sections  3.2  and  3.3. 

3.2.  The  hydriding  kinetics  and  rate-limiting  step  ofLi2Mg(NH)2 

Fig.  6  shows  the  isothermal  hydriding  kinetics  of  Li2Mg(NFI)2  at 
three  different  temperatures  (180, 200,  and  220  °C)  with  the  initial 
H2  pressure  of  65  bar.  It  is  clear  that  the  rates  of  hydrogen  uptake 
for  all  the  temperatures  within  the  first  15  min  are  relatively  fast 
with  28%,  23%,  and  15%  of  the  theoretical  storage  capacity  for  220, 
200,  and  1 80  °C,  respectively.  Here,  the  theoretical  storage  capacity 
(4.81  wt.%  H2 )  is  based  on  Reaction  (2)  after  excluding  the  pres¬ 
ence  of  the  10%  impurities  and  10%  excess  MgH2  in  the  sample. 
The  hydrogen  uptake  rate  for  220  °C  starts  to  slow  down  signifi¬ 
cantly  after  1 5  min,  and  then  levels  off  after  40  min.  In  contrast,  the 
hydrogen  uptake  for  1 80  and  200  °C  continues  to  increase  but  with 
a  slightly  slower  rate  than  the  initial  1 5  min.  The  total  amounts 
of  hydrogen  uptake  within  60  min  at  180  and  200  °C  are  1.36  and 
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Fig.  5.  FTIR  spectrum  of  the  2LiNH2  +  MgH2  mixture  after  the  dehydriding  condition 
#3. 
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Fig.  6.  The  isothermal  absorption  curves  of  the  phase  pure  Li2Mg(NH)2  at  180,  200, 
and  220  °C  within  a  closed  chamber  with  an  initial  hydrogen  pressure  of  65  bar. 

1 .78  wt.%  or  28%  and  37%  of  the  theoretical  storage  capacity,  respec¬ 
tively.  Interestingly,  the  total  amount  of  hydrogen  uptake  within 
60  min  at  220  °C  is  only  1.63  wt.%,  less  than  the  amount  at  200  °C. 
This  outcome  is  unexpected  because  increasing  the  temperature 
typically  leads  to  an  increased  reaction  kinetics.  The  reason  for  this 
unusual  behavior  is  discussed  in  Section  3.3. 

In  order  to  identify  the  rate-limiting  step  for  the  hydriding  pro¬ 
cess  of  Li2Mg(NH)2,  the  fraction  of  H2  absorbed,/,  as  a  function  of 
the  holding  time,  t,  of  each  isothermal  absorption  curve  in  Fig.  6 
have  been  analyzed  using  a  shrinking  core  model  [29-31].  With 
the  use  of  this  model,  it  assumes  implicitly  that  Reaction  (2)  takes 
place  via  the  growth  of  a  shell  of  the  LiH  and  Mg(NH2)2  mixture 
into  the  Li2Mg(NH)2  core  during  the  hydriding  process.  The  suit¬ 
ability  of  this  model  will  be  discussed  in  Section  3.3.  Here,  we  will 
proceed  with  the  analysis  first.  In  this  analysis,  several  possible 
rate-limiting  steps  have  been  considered,  which  include:  (i)  diffu¬ 
sion  of  a  diffusing  species  through  the  product  layer,  (ii)  movement 
of  the  reactant/product  interface  at  a  constant  speed,  (iii)  nucle- 
ation  and  growth  of  the  product,  and  (iv)  adsorption  of  the  gaseous 
phase  at  the  surface  of  the  solid  particle.  The  corresponding  equa¬ 
tions  for  these  rate-limiting  steps  have  been  derived  previously 
[29-31]  and  are  listed  below,  respectively. 


(1  -f)V 3  =  1  -  Ll!1 1 1/2  (3) 

(1  -ff3  =  \-kft  (4) 

/  =  1 -exp(-k3tm)  (5) 

/  =  k4r2t  (6) 


here  r  is  the  average  radius  of  Li2Mg(NH)2  particles,  k\ ,  k2,  k3  and  k4 
are  rate  constants,  and  m  is  the  mechanism  constant,  which  varies 
from  1  to  4  depending  on  the  detail  of  nucleation  and  growth  of 
the  products.  To  evaluate  the  hydriding  kinetics  at  180  and  200  °C 
shown  in  Fig.  6,  Eqs.  (3)-(6)  need  to  be  modified  to  take  into  account 
the  incomplete  uptake  of  H2  at  the  end  of  each  isothermal  hydriding 
curve.  For  example,  Eq.  (3)  should  be  modified  to  be  [31  ] 

b  V2 

(i  -/7)1/3  =  l  -  t['2  (7) 

where  /  is  the  fraction  of  H2  absorbed  at  the  end  of  the  hydriding 
curve  (within  60  min)  in  reference  to  the  hydrogen  storage  capac¬ 
ity  of  the  system,  which  is  4.81  wt.%  H2  as  discussed  previously. 
Thus ,/=  1  at  the  end  of  the  hydriding  process,  whereas  /  =  1  only  if 
the  H2  absorbed  at  the  end  of  the  hydriding  segment  equals  the 


Fig.  7.  The  amounts  of  H2  absorbed  by  Li2Mg(NH)2  at  1 80  and  200  °C  shown  in  Fig.  6 
are  plotted  in  (1  vs  t1/2,  as  defined  by  Eq.  (7). 


hydrogen  storage  capacity  of  the  system  (i.e.,  4.81  wt.%).  Other¬ 
wise,/  is  smaller  than  1 .  Similarly,  Eqs.  (4)-(6)  should  be  modified, 
respectively,  to  be  Eqs.  (8)— (10): 

(1  -/7)1/3  =  1  -  (8) 

/7  =  1  -  exp(-k3tm)  (9) 

f'f  =  k4r2t  (10) 

Fig.  7  shows  the  analyses  of  the  hydriding  curves  of  180  and 
200  °C  in  Fig.  6  with  the  aid  of  Eq.  (7).  The  curve  fitting  of  the  hydrid¬ 
ing  data  presented  in  Fig.  7  through  the  least-squares  method 
results  in  the  following  two  linear  equations: 

(1  -ff)V3  =  0.989  -  0.0016fV2  with R2  =  0.999foiT  =  180  °C 

(11) 


Fig.  8.  (a)  The  amounts  of  H2  absorbed  by  Li2Mg(NH)2  at  180  and  200°C  shown  in 
Fig.  6  are  plotted  in  (1  -ff)113  vs  t,  as  defined  by  Eq.  (8),  and  (b)  plotted  in//vs  t,  as 
described  by  Eq.  (10). 
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Fig.  9.  Analysis  of  the  hydriding  curve  at  220  °C  shown  in  Fig.  6  with  the  aid  of  (a)  Eq.  (3)  for  the  diffusion-controlled  reaction,  (b)  Eq.  (4)  for  the  moving-interface-controlled 
reaction,  (c)  Eq.  (5)  by  plotting  ln{ln(l/l  -  f)}  vs  In  t  for  the  nucleation-and-growth-controlled  reaction,  and  (d)  Eq.  (6)  for  the  adsorption-controlled  reaction. 


(1  -/'/)1/3  =  0.965  -0.0018C1/2  withR2  =0.998 for T  =  200  °C 

(12) 

It  is  very  clear  that  the  hydriding  data  of  Li2Mg(NH)2  at  180 
and  200  °C  fit  well  with  the  diffusion-controlled  reaction.  On  the 
contrary,  the  hydriding  data  do  not  fit  the  other  models.  For  exam¬ 
ple,  the  analyses  of  the  moving-interface-controlled  reaction  based 
on  Eq.  (8)  and  the  adsorption-controlled  reaction  based  on  Eq. 
(10)  are  shown  in  Fig.  8.  The  linear  equations  obtained  via  curve 
fitting  through  the  least-square  method  for  the  moving-interface- 
controlled  reaction  are 

(1  -/7)1/3  =  0.963-0.000021  withR2  =  0.962  forT  =  180  °C 

(13) 

(1  -/7)1/3  =  0.936  -  0.00002t  withR2  =  0.980  forT  =  200  °C 

(14) 

and  the  corresponding  equations  for  the  adsorption-controlled 
reaction  are 

f'f  =  0.108  +  0.00005t  withR2  =  0.954forT  =  180  °C  (15) 

/'/  =  0.183  +  0.00006t  withR2  =0.972 forT  =  200  °C  (16) 

Clearly,  these  curve  fittings  do  not  result  in  satisfactory  results. 
First  of  all,  their  R- squared  values  are  not  as  good  as  those  for  the 
diffusion-controlled  reaction.  Second,  the  first  constant  on  the  right 
hand  side  of  the  equation  from  the  diffusion-controlled  reaction 
is  close  to  1,  whereas  that  constant  for  the  moving-interface- 
controlled  reaction  is  not  as  close  to  1  as  the  diffusion-controlled 


reaction.  To  have  a  physical  meaning,  this  constant  should 
be  equal  to  1.  The  larger  departure  from  1  for  the  moving- 
interface-controlled  reaction,  in  conjunction  with  its  unsatisfactory 
R- squared  value,  indicates  that  this  mechanism  is  not  the  rate- 
limiting  step.  Similar  reasoning  can  be  applied  to  exclude  the 
adsorption-controlled  reaction  and  the  nucleation-and-growth- 
controlled  reaction  (not  shown  here)  as  the  rate-limiting  step. 
Therefore,  the  diffusion-controlled  reaction  can  best  describe  the 
hydriding  reaction  of  Li2Mg(NH)2  at  180  and  200  °C. 

In  the  case  of  the  hydriding  process  at  220  °C,  the  amount 
of  the  absorbed  H2  has  already  reached  the  limit  of  the  hydrid¬ 
ing  reaction  at  the  H2  pressure  of  65  bar.  This  statement  will  be 
justified  in  Section  3.3.  Here,  it  suffices  to  say  that  the  kinetic 
models  for  such  a  hydriding  process  should  contain  no  modified 
factor,  /,  because  of  the  completion  of  the  reaction.  Therefore, 
Eqs.  (3)-(6)  are  used  in  the  analysis.  Fig.  9  shows  the  analyses  of 
the  hydriding  data  at  220  °C  with  the  aid  of  Eqs.  (3)-(6).  The  lin¬ 
ear  equations  obtained  from  curve  fitting  through  the  least-square 
method  for  the  diffusion-controlled  reaction,  moving-interface- 
controlled  reaction,  and  adsorption-controlled  reaction  are  shown 
below,  respectively. 

(1  _/'/)V3  =  0.989  -  0.0016C1/2  withR2  =  0.989  (17) 

(1  _/'/)V3  =  0.709  -  0.0002t  withR2  =  0.979  (18) 

f'f  =  0.722-0. 0001 11/2  withR2  =0.783  (19) 

Indisputably,  the  diffusion-controlled  reaction  provides  the  best 
fit  for  the  dehydriding  data  at  220  °C.  The  same  conclusion  applies 
when  the  nucleation-and-growth-controlled  reaction  (Fig.  9c)  is 
compared  with  the  diffusion-controlled  reaction.  Therefore,  the 
hydriding  process  of  Li2Mg(NH)2  at  180,  200,  and  200  °C  can  all 
be  well  described  as  the  diffusion-controlled  reaction. 
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3.3.  The  pressure-composition  isotherm  ofLi2Mg(NH)2 


In  order  to  understand  the  unusual  hydrogen  absorption 
behavior  of  Li2Mg(NH)2  at  220  °C  (Fig.  6),  the  absorption 
pressure-composition  isotherm  of  the  Li2Mg(NH)2  phase  was  con¬ 
ducted  at  220  °C,  as  shown  in  Fig.  10.  The  data  obtained  by  Luo 
and  Sickafoose  [4]  is  included  for  comparison.  It  is  noted  that  the 
isotherm  exhibits  two  plateaus,  as  discovered  by  Luo  and  Sick¬ 
afoose  [4].  Furthermore,  it  is  very  obvious  that  the  Li2Mg(NH)2 
from  this  study  has  a  higher  plateau  pressure  than  the  Li2Mg(NFI)2 
investigated  by  Luo  and  Sickafoose  [4].  Specifically,  the  equilibrium 
pressure  reported  by  Luo  and  Sickafoose  is  ~54bar,  whereas  the 
Li2Mg(NH)2  from  this  study  has  an  equilibrium  pressure  at  95  bar, 
about  40  bar  higher  than  that  reported  by  Luo  and  Sickfoose.  It 
is  noted  that  other  studies  [3,7,17,18]  also  report  the  equilibrium 
pressure  similar  to  the  value  by  Luo  and  Sickafoose  [4]. 

It  is  well  known  that  the  equilibrium  pressure  (Peq)  in  the  PCI 
is  related  to  the  reaction  enthalpy  (AH)  and  entropy  (AS)  by  the 
Van’t  Hoff  equation  [32]: 


lfi(Peq)  — 


AH  AS 
~RT+~R~ 


(20) 


where  R  is  the  gas  constant  and  T  is  the  temperature.  Based  on 
the  plateau  pressure  as  a  function  of  temperature,  the  dehydrid- 
ing  enthalpy  has  been  determined  with  the  aid  of  Eq.  (20)  to  be 
39.0 kj mol-1  H2  [3,18],  40.4kJ mol-1  H2  [7],  and  41.6 kj mol-1  H2 
[5].  Taking  the  dehydriding  enthalpy  as  39  kj  mol-1  H2  by  Luo  and 
Ronnebro  [3]  and  the  equilibrium  pressure  of  54  bar  at  220  °C  by 
Luo  and  Sickafoose  [4],  the  dehydriding  entropy  can  be  found  with 
the  aid  of  Eq.  (20)  to  be  1 12  J  mol  K_1  H2.  This  value  is  similar  to  the 
experimental  value  reported  by  Yang  et  al.  [5].  Assuming  that  AS 
remains  to  be  1 12  J  mol  K_1  H2  and  taking  the  equilibrium  pressure 
as  90  bar  at  220  °C  (Fig.  10),  the  dehydriding  enthalpy  in  this  study 
is  estimated  to  be  36.5  kj  mol-1  H2  with  the  aid  of  Eq.  (20).  Thus, 
the  higher  plateau  pressure  found  in  this  study  can  be  attributed 
to  the  reduced  enthalpy  of  Li2Mg(NH)2,  the  increased  enthalpy  of 
2LiH  +  Mg(NH2)2,  or  both. 

One  interesting  and  scientifically  important  question  is  why 
the  Li2Mg(NH)2  phase  in  this  study  has  a  reduced  enthalpy  or  the 
2LiH  +  Mg(NH2)2  mixture  has  an  increased  enthalpy  when  com¬ 
pared  with  other  studies  [3, 4, 7,1 7,18].  The  answer  to  this  important 
question  undoubtedly  requires  extensive  studies.  At  this  stage, 
we  tentatively  propose  that  different  sample  preparation  methods 
have  resulted  in  the  increased  plateau  pressure  observed  in  this 
study.  It  is  noted  that  the  samples  in  other  studies  [3,4,7,17,18]  are 
all  prepared  using  SPEX  mills,  whereas  the  samples  in  this  study 


Fig.  10.  The  absorption  pressure-composition  isotherm  of  Li2Mg(NH)2  at  220 °C. 
The  data  obtained  by  Luo  and  Sickafoose  [4]  is  included  for  comparison.  The  mea¬ 
surement  of  the  PCI  is  terminated  at  95  bar  because  it  has  reached  the  instrument 
capability. 


are  processed  using  an  attritor.  A  SPEX  mill  provides  predomi¬ 
nantly  normal  impact  to  the  powder  mixture,  whereas  an  attritor 
offers  a  good  combination  of  normal  impact  and  shear  deforma¬ 
tion  to  the  powder  mixture.  Thus,  ball  milling  using  an  attritor 
is  likely  to  provide  a  higher  degree  of  mechanical  activation  to 
the  2LiNH2  +  MgH2  mixture  than  that  using  a  SPEX  mill.  Another 
potential  source  for  the  unusually  high  plateau  pressure  is  the  way 
the  Li2Mg(NH)2  is  made  in  this  study,  which  comprises  holding 
Li2Mg(NH)2  at  240  °C  for  70  h  with  100  holding/evacuation  cycles 
(condition  #3  in  Table  1).  Such  a  long-time  holding  at  240  °C  with 
1 00  holding/evacuation  cycles  can  potentially  lower  the  defect  con¬ 
centration  in  the  crystalline  Li2Mg(NH)2  and  thus  its  enthalpy. 
However,  which  factor  really  contributes  to  the  unusually  high 
plateau  pressure  is  outside  the  scope  of  this  study.  Future  works  are 
clearly  needed  to  clarify  this.  Finally,  it  should  be  mentioned  that 
the  unusually  high  plateau  pressure  is  not  due  to  the  presence  of  a 
small  amount  of  MgO  in  the  sample  because  the  presence  of  MgO 
has  been  reported  before  with  no  observations  of  the  unusually 
high  plateau  pressure  [7,17]. 

According  to  Fig.  1 0,  the  equilibrium  hydrogen  content  at  220  °C 
for  a  hydrogen  pressure  of  65  bar  is  approximately  1.5  wt.%  which 
is  close  to  the  value  observed  in  Fig.  6,  indicating  that  the  hydrogen 
uptake  at  220  °C  lower  than  that  at  200  °C  during  isothermal  hold¬ 
ing  is  due  to  the  exhaustion  of  the  thermodynamic  driving  force  at 
220  °C.  In  contrast,  the  isothermal  hydrogenation  at  1 80  and  200  °C 
shown  in  Fig.  6  is  not  limited  by  the  thermodynamic  driving  force. 
Therefore,  kinetic  modeling  using  Eqs.  (3)-(6)  for  220  °C  and  Eqs. 
(7)-(10)  for  180  and  200  °C  is  very  appropriate. 

It  should  be  mentioned  that  the  two  plateaus  in  the 
pressure-composition  isotherm  have  been  proposed  to  correspond 
to  the  following  reactions  [4]: 

Li2Mg(NH)2  +  0.6H2*>  Li2MgN2H3.2  (0  <  wt.%H2  <  1.5) 


(21) 


Li2MgN2H3.2  +  1.4H2  «->  Mg(NH2)2  +  2LiH 

(1.5  <  wt.%H2  <  5.1)  (22) 

Thus,  the  diffusion-controlled  reaction  identified  in  Fig.  6  is 
mainly  for  the  first-stage  reaction  shown  by  Eq.  (21)  since  the 
maximum  hydrogen  uptake  for  all  the  three  conditions  in  Fig.  6 
is  near  1.5  wt.%  H2.  In  order  to  find  out  the  rate-limiting  step  for 
the  second-stage  reaction  shown  by  Eq.  (22),  isothermal  hydrid- 
ing  at  200  °C  for  a  longer  holding  time  has  been  conducted  and 
is  shown  in  Fig.  11.  With  the  longer  holding  time  the  maximum 
hydrogen  uptake  is  3.75  wt.%,  well  into  the  second-stage  reaction. 
The  kinetic  modeling  using  Eqs.  (7)-(10)  unambiguously  indicates 


Fig.  11.  The  isothermal  absorption  curve  of  the  phase  pure  Li2Mg(NH)2  at  200  °C 
within  a  closed  chamber  with  an  initial  hydrogen  pressure  of  68  bar. 
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that  the  rate-limiting  step  for  the  isothermal  hydriding  process 
shown  in  Fig.  1 1  is  diffusion-controlled.  Therefore,  it  is  concluded 
that  even  the  second-stage  reaction  shown  by  Eq.  (22)  is  diffusion- 
controlled.  In  addition,  it  should  be  emphasized  that  the  present 
kinetic  analysis  only  reveals  that  diffusion  is  the  rate-limiting  step 
for  the  hydriding  process  of  Li2Mg(NH)2.  Whether  hydrogenation 
proceeds  with  one  or  multiple  elementary  steps  cannot  be  derived 
from  this  kinetic  analysis.  However,  by  combining  the  results  from 
Luo  and  Sickafoose  [4],  it  can  be  concluded  that  both  stage  reactions 
are  diffusion-controlled. 

The  specific  surface  area  of  the  sample  before  isothermal  hydrid¬ 
ing  at  200  °C  shown  in  Fig.  11  has  been  measured  and  is  found  to 
be  34.1 8  m2  g-1 .  This  value  decreases  to  22.99  m2  g-1  after  isother¬ 
mal  hydriding  at  200  °C  for  lOh.  There  are  two  implications  with 
the  measured  change  in  the  SSA.  First,  it  suggests  that  particle 
sizes  have  grown  during  this  10-h  hydriding  process.  This  is  con¬ 
sistent  with  the  expectation  of  long-term  thermal  exposure  at 
200  °C.  Second,  it  suggests  that  there  is  no  particle  cracking  dur¬ 
ing  this  10-h  hydriding  process;  otherwise,  the  SSA  would  have 
increased.  Therefore,  this  result  justifies  the  use  of  the  shrinking 
core  model  to  identify  the  rate-limiting  step  and  to  analyze  the 
hydriding  kinetics  of  Li2Mg(NH)2.  If  particle  cracking  takes  place 
during  the  hydriding  process,  the  shrinking  core  model  would 
not  be  suitable  for  analysis  because  H2  can  have  the  access  to 
and  react  with  the  inner  Li2Mg(NH)2  through  macro-  or  micro¬ 
cracks  in  the  Li2Mg(NH)2  particle.  Therefore,  the  conclusion  of  the 
diffusion-controlled  hydriding  reaction  derived  from  the  shrinking 
core  model  also  suggests  that  there  is  no  particle  cracking  dur¬ 
ing  the  hydriding  process,  which  is  in  good  agreement  with  the 
measurements  of  the  SSA  before  and  after  10  h  hydriding. 

Finally,  it  should  be  pointed  out  that  the  present  kinetics  analy¬ 
sis  is  based  on  the  assumption  of  monodisperse  particles.  In  the  real 
systems  like  the  one  here,  some  degrees  of  spread  in  particle  sizes 
are  present.  Thus,  strictly  speaking,  the  effect  of  particle  size  distri¬ 
bution  should  be  included  in  the  analysis.  Nevertheless,  the  effect  of 
particle  size  distribution  (e.g.,  Gaussian  distribution  or  log-normal 
distribution)  on  hydriding  and  dehydriding  kinetics  has  been  inves¬ 
tigated  previously  [33].  It  is  concluded  that  the  effect  of  particle 
size  distribution  is  negligible  when  the  fraction  reacted,/,  is  lower 
than  60%.  However,  the  deviation  from  the  behavior  of  monodis¬ 
perse  particles  becomes  noticeable,  but  no  more  than  5%,  when/is 
higher  than  60%  [33  ].  Thus,  the  monodisperse  particle  model  should 
provide  good  approximation  for  the  real  system  investigated  here. 

4.  Concluding  remarks 

In  this  study  the  phase  pure  Li2Mg(NH)2  has  been  synthesized 
via  a  dehydriding  treatment  of  a  ball  milled  2LiNH2  +  MgH2  mix¬ 
ture.  It  is  found  that  the  reaction  between  LiNH2  and  MgH2  to 
form  Li2Mg(NH)2  is  very  slow  during  the  dehydriding  treatment. 
A  total  of  70  h  at  240  °C  with  multiple  evacuation  sub-steps  is 
required  to  achieve  the  complete  conversion  from  2LiNH2  +  MgH2 
to  Li2  Mg(  NH  )2 ,  while  the  same  holding  time  at  2 1 0 0  C  with  the  same 
number  of  the  evacuation  sub-steps  does  not  lead  to  the  comple¬ 
tion  of  the  reaction.  The  isothermal  hydriding  kinetics  of  the  phase 
pure  Li2Mg(NH)2  have  been  evaluated  at  180,  200  and  220  °C.  It  is 
found  that  the  hydriding  process  of  Li2Mg(NH)2  is  also  very  slug¬ 
gish  even  though  it  has  favorable  thermodynamic  properties  for 
near  the  ambient  temperature  operation.  Holding  at  200  °C  for  1 0  h 
only  results  in  3.75  wt.%  H2  uptake.  This  clearly  is  not  adequate  for 
on-board  storage  applications.  The  detailed  kinetic  analysis  reveals 


that  the  rate-limiting  step  for  the  hydriding  process  of  Li2Mg(NH)2 
is  diffusion.  Thus,  this  study  unequivocally  indicates  that  the  future 
direction  to  enhance  the  hydriding  kinetics  of  this  promising  hydro¬ 
gen  storage  material  system  should  entail:  (i)  nano-engineering 
to  minimize  the  diffusion  distance,  (ii)  high-energy  ball  milling  to 
introduce  lattice  defects  and  thus  increase  the  diffusion  coefficient, 
and/or  (iii)  doping  to  increase  the  lattice  distortion  and  thus  the  dif¬ 
fusion  rate.  The  Li2Mg(NH)2  in  this  study  exhibits  higher  plateau 
pressure  than  the  counterpart  investigated  by  other  researchers.  It 
appears  that  this  is  due  to  different  processing  conditions  used  to 
synthesize  Li2Mg(NH)2.  However,  the  precise  cause  for  the  higher 
plateau  pressure  remains  to  be  investigated  in  the  future. 
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